We present a novel class of optical metamaterials consisting of high densities of aligned gallium phosphide (GaP) nanowires fabricated using metal-organic vapor phase-epitaxy. Starting from a gold island film as a catalyst for nanowire growth, a sequential combination of vapor-liquid-solid and lateral growth modes is employed to obtain a continuous tunability of the nanowire volume fraction from 7% to over 35%. By choosing different crystallographic orientations of the GaP substrate, we design metamaterials with different nanowire orientations. The anisotropy of the nanowire building blocks results in strong optical birefringence. Polarization interferometry demonstrates a very large polarization extinction contrast of 4×10 3 combined with a sharp angular resonance which holds promise for optical sensing. Nanowire metamaterials may find applications in photonics, optoelectronics, non-linear and quantum optics, microfluidics, bio-, and gas sensing.
Introduction
Artificial materials exhibiting optical, electrical, or mechanical properties that are governed by the arrangement of their microscopic building blocks are of great importance in science and technology. Photonic metamaterials with subwavelength-scale structuring show effective optical properties markedly different from those of their individual constituent materials. [1] One of these properties is optical formbirefringence, the difference in refractive index for different polarizations of light, resulting from the arrangement of anisotropic scatterers. [2] Optical form-birefringence has been observed in various systems such as aligned carbon nanotube films, [3] porous silicon, [4] [5] [6] and liquid-crystal templated porous CdTe. [7] In periodic structures like photonic crystals [8, 9] and gratings, [10] large artificial birefringence occurs at certain frequencies near a resonance dictated by the periodicity. Subwavelength periodic structures in the visible are usually hard to produce and involve complex nanofabrication techniques with tight design tolerances. Novel methods to fabricate photonic materials reproducibly over large areas are of great importance in applications such as liquid crystal display technology, [11] integrated photonics, [12] and optical sensing. [5, 14, 15] Artificial metamaterials consisting of porous material at low volume fraction have recently been employed in broadband antireflection coatings. [15] Here, we report on the bottom-up fabrication of a novel class of photonic metamaterials based on aligned semiconductor nanowires, exhibiting large artificial birefringence and optical polarization contrast. Semiconductor nanowires are at the focus of a rapidly expanding research field because of their promise as a building block for devices and applications. [16] For single semiconductor nanowires, large anisotropy of the absorption and emission of light has been demonstrated by polarization-dependent luminescence measurements. [17] This anisotropy was explained by the different polarizabilities of a thin cylinder for polarizations perpendicular and parallel to its axis. For ensembles of aligned nanowires, polarization anisotropy results in large optical birefringence. [18] Semiconductor nanowires can be grown heteroepitaxially over large areas on most crystalline substrates including silicon [19, 20] and InP using the versatile bottom-up process of metal-organic vapor phaseepitaxy (MOVPE). Excellent spatial control over local growth allows straightforward integration with waveguides and photonic nanostructures. [21] The nanowire morphology is complementary to inverted network materials such as porous silicon, which have found important applications in chemistry and biology. [22] This open morphology of a nanowire ensemble compared to nanometer-sized pores in inverted networks will be superior for applications dealing with large molecules and liquids, for example in microfluidic environments. [23] Integration of III-V nanowires with silicon [20] will lead to hybrid nanowire metamaterials that will benefit from existing functionalization methods [22] while maintaining the electrical and optical properties of the III-V backbone. High-density nanowire metamaterials will also be of importance for nextgeneration photovoltaic designs. [24, 25] 
Results and discussion

Nanowire growth
High-density ensembles of gallium phosphide (GaP) nanowires were grown in a MOVPE reactor following the procedure outlined in Section 4. The substrate is a single-crystalline GaP wafer covered with a 3-Å thin gold film. The gold film provides a homogeneous coverage of the whole surface with small, uniformously distributed islands. [26] Catalytic growth using the vapor-liquid-solid (VLS) process [27] [28] [29] results in nanowires with a diameter determined by the size of the catalyst particles. The length of nanowires is set via the VLS growth time. Subsequently, the photonic strength of the material is tuned via the diameter of the wires by switching from the vapor-liquid-solid to the lateral growth mode. In this step, the nanowire layer is gradually filled up with semiconductor material at a higher temperature (630 o C) of the MOVPE chamber where the kinetic hindrance is overcome. The lateral growth process is limited by diffusion of precursor gases into the dense nanowire layer, which in practice limits this approach to nanowires shorter than 2 μm. Table 1 gives an overview of the nanowire materials of this study, grown on various substrate orientations using a combination of VLS and lateral growth.
Structural characterization
The morphology of the nanowire materials was investigated using both top-view and cross-sectional scanning electron microscopy (SEM). Figure  1 (a) shows a top-view SEM image of sample A, after a very short period of VLS growth. The image reveals a density of nanowire growth centers of around 390 sites per μm 2 . The histogram of diameters (bottom graph of Fig 1a) shows a lognormal distribution around an average of 18.7 nm. Since sites smaller than ~10 nm cannot be discerned in the SEM image, the measured distribution is slightly biased toward larger diameters. The volume fraction of growth centers per unit area is estimated as 12 ± 2% on the basis of SEM contrast analysis.
Gallium phosphide nanowires of several micrometers in length were grown by increasing the VLS growth time to 36 min. Figure 1 (b) shows a cross-sectional SEM image of the nanowire layer grown on a (111)B GaP substrate. The nanowires are aligned perpendicular to the substrate due to the preferential growth in the <111>B direction. The thin wires show some bending toward the top, probably caused by an enhanced flexibility of the semiconductor material at these very small diameters. The distribution of nanowire diameters obtained from the SEM image is presented in the bottom graph of Fig. 1(b) , showing a distribution centered around 27 nm diameter, with a polydispersity given by the standard deviation of ±20%. The nanowire size distribution is comparable to that of the nucleation sites in Fig. 1(a) , indicating that the nanowire diameter is determined by the metal catalyst particle. In Fig. 1(b) as well as in top-view SEM images (not shown), the nanowire volume fraction appears lower than the initial density of growth centers which we assign to competitive growth and spontaneous growth interruption of wires. From the number density and diameters of full-grown wires we estimate a volume fraction of 8 ± 4% as shown in Table 1 . This value is corroborated by gravimetric analysis of the sample before and after growth.
The preferential growth of GaP nanowires in the <111>B direction was used to obtain nanowire ensembles with nonvertical orientations by changing the crystallographic orientation of the substrate. Figure 2 (a) shows cross-sectional SEM images of GaP nanowires grown from a GaP (100) substrate, for a section cleaved along the (110)-plane. This cleaving orientation provides a projection perpendicular to the growth plane of the <111>B nanowires, i.e. the wires are oriented in the plane of the SEM image. We observe a high-density distribution of nanowires with a large fraction of the wires under an angle of around 35º with respect to the surface of the substrate. Some wires are observed that are oriented in the <100> direction, and some in higher order <11x>B directions (x>1). The preferential growth will be exploited in Sections 2.4 and 2.5 to control the direction of the optical axis, and thus the birefringence, in the nanowire material. The average wire diameter for these materials was determined from SEM images and is shown in Table 1 . From these diameters we have estimated the increase in volume fraction of the layers upon lateral growth, as indicated in Table 1 .
The crystalline properties of nanowires fabricated using VLS and lateral growth were analyzed using transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) analysis. Figure 3 shows TEM micrographs of wires taken from the (100) GaP metamaterials C (a,b) and F (c,d) of Table 1 . The wires from material C have diameters ranging from approximately 10 to 20 nm, no tapering was observed. The wires from material F, with additional lateral growth, are considerably thicker: diameters exceeding 100 nm are observed. The diameter of the original gold particle (see inset) gives a good indication of thickness prior to sidewall growth. The contrast lines, orthogonal to the length direction of the wires, observed for both the thin and the thick wire, correspond to twin domains with alternating orientations along the <111> axis of the wire. Remarkably, the upper segment of the wire in Fig. 3 (c) is free of twin boundaries. The presence of a single-crystalline end-segment was observed only for nanowires from sample F, indicating that this 100-nm long segment results from competing VLS growth during the lateral growth step. The nanowires have the zincblende structure, as determined from fast-fourier-transforms of HRTEM images such as that in Fig. 3(d) . EDX studies of an area containing a group of nanowires (without any gold particles included) revealed Ga and P with equal stoichiometry. A more detailed TEM analysis of GaP nanowire growth using the same MOVPEsystem was presented in Ref. 29.
Optical characterization
An important application of porous form-birefringent materials is as an optical sensor using polarization interferometry. [4] [5] [6] The resolution of such a device depends strongly on the strength of the birefringence and on the contrast between the orthogonal polarization states. The goal of our research is to fabricate a metamaterial that combines a very large optical anisotropy in the optical frequency domain with a high degree of polarization contrast. In order to achieve this combination we have chosen to use gallium phosphide (GaP) nanowires. Gallium phosphide combines the largest refractive index in the visible of around 3.4 with very low absorption below its indirect electronic bandgap located at 2.26 eV (548 nm). [30] The polarizability of nanowires strongly depends on their orientation with respect to the optical field. As a consequence, nanowires show a large anisotropy in their optical response. [17, 18, 31] Here, we investigate the optical properties of nanowire layers as a function of their density and alignment.
An ideal optical metamaterial consists of scattering building blocks that are much smaller than the optical wavelength in the medium. Under this condition the arrangement of scatterers results in a material with a refractive index determined by effective medium theory. To test this assumption for the nanowire metamaterials under study, we have performed white-light transmission spectroscopy using the procedure described in Section 4. Figure 4 (a) shows the transmission spectra for samples C-F together with a bare (100) GaP substrate (black line). For all samples, a sharp absorption edge is present due to the electronic bandgap of GaP at 548 nm. The reference sample shows an overall flat transmission below 100% due to Fresnel reflection losses, with a slight interference contribution from a thin-film SiO 2 protective coating at the backside of the substrate. For the samples C-F with increasing lateral growth times, a strongly wavelength dependent transmission is observed, which can be assigned to Rayleigh scattering of the thin nanowires (dash-dotted lines), as shown below. The scattering losses increase considerably for thicker nanowires and toward shorter wavelengths. Above 900 nm, the optical transmission is only slightly reduced with respect to the bare substrate.
We have interpreted the strong wavelength dependence of the transmission through the nanowire material using a simple Beer's law for the coherent beam assuming Rayleigh scatterers, given by
where T 0 denotes the Fresnel transmission coefficient through the layer, l e (λ)=A λ 4 is the wavelength dependent scattering length containing the typical fourth power dependence on wavelength (Rayleigh scattering), and L denotes the sample thickness. Fits to the data are indicated by the dashdotted lines in Fig. 4(a) , which show good agreement for wavelengths above 700 nm. For shorter wavelengths deviations arise because of the breakdown of the Rayleigh scattering approximation for finite size scatterers. Figure 4 (b) represents the extinction mean free path at the wavelength of the experiments below, λ=690 nm. For a small cylindrical particle in the long-wavelength limit, the scattering mean free path is expected to vary as the inverse fourth power of the diameter. [32] This dependence is shown as a line in the inset Fig. 4(b) and gives good agreement for the thin nanowire materials with average wire diameters below <d>=50 nm. For the thicker nanowires, finite size effects result in a more complex dependence of the scattering cross-section on particle diameter and wavelength. [32] 
Angle-dependent polarization interferometry of nanowires on a (111)B GaP substrate
For a material consisting of vertically aligned semiconductor nanowires, the polarization directions perpendicular to the wire axis have a lower refractive index than the direction parallel to the nanowires. [2] An optical beam traveling through this material will therefore have a different velocity depending on its polarization. We used the method of polarization interferometry as explained in Section 4 to investigate the birefringence in the nanowire materials. Due to the preferential orientation of the wires on the (111)B substrate, the optical birefringence is expected to vary strongly between normal and in-plane incidence of light. The ratio of intensities in the cross-polarized I ⊥ and parallel polarized I || transmission channels is a measure for the degree of rotation of the polarization vector. This method, closely related to the more general technique of ellipsometry, has been widely used for the determination of optical birefringence as well as in optical sensors. [4] [5] [6] Figure 5 (a) shows this intensity contrast I ⊥ / I || over more than 4 orders of magnitude for the nanowire material B. For comparison we have also plotted the result for a bare GaP (111)B substrate. Bulk GaP itself has only very small intrinsical birefringence (<10 -5 ), [33] which gives a neglegible contribution to the retardation. The small change in the ratio for the bare substrate can be completely explained by the difference in Fresnel transmission coefficients for the in-plane (p-) and out-of-plane (s-) polarizations, leading to a distortion of the initial polarization state. The nanowire material shows a much stronger dependence on angle, with a maximum occurring at 72 o . This maximum corresponds to half-wavelength retardation, where the polarization vector has been converted entirely to the cross-polarized state. The amplitude of this maximum in I ⊥ / I || is determined by the suppression of the original parallel state I || . By correcting the input state for polarization-dependent reflection losses, we have been able to further improve the maximum contrast by two orders of magnitude, as shown by the thin line in Fig. 5(a) . This increase of the amplitude is associated with a narrowing of the fullwidth-at-half-maximum of the maximum from 9 o to 1.1 o .
The intensity ratio I ⊥ / I || for the reflected light is shown in Fig. 5(b) . The effect of nanowire birefringence on the polarization state is here two times larger than in transmission since the optical beam passes through the nanowire layer twice. As a consequence, the location of the maximum in the intensity ratio occurs at an angle of incidence of 54 o . Again a sharp maximum in the contrast is obtained after correction of the input state, with an extinction of the orthogonal polarization exceeding 4×10 3 . This value exceeds the measured ratio in transmission, which we attribute to a reduced scattering background at smaller angles of incidence. Both the stronger angle-dependence of the intensity ratio and the higher extinction result in a reduced full-width-at-half-maximum of 0.45 o . At angles above 60 o , a complex oscillation pattern arises that can be assigned to thin-film interference fringes in the nanowire layer. These fringes distort the effects of retardation at large angles.
Accurate estimates of the material refractive indices for the (111)B GaP nanowires in Fig. 5 were obtained by fitting the angle-dependent transmission using a transfer matrix model accounting for Fresnel reflections at the various interfaces and for the uniaxial birefringence of the nanowire layer. The results of these fits are represented by the thin black lines in Fig. 5 and show good quantitative agreement with the experimental results. The resulting birefringence coefficient Δn was determined as 0.047 ± 0.005, where the error bar results from the uncertainty in the optical thickness of the birefringent layer.
To investigate the use of angle-dependent nanowire birefringence for optical sensing we calculated the change of the contrast function for a small change of the birefringence parameter. The result is given in Fig.  6(a,b) . Again the reflectivity contrast of Fig. 5(b) is plotted around the maximum, but now with a fit including the correction for the input polarization (dashed line, black). Figure 6 (b) compares this fit to a calculation using the same parameter except for a small change in birefringence Δn of 10 -3 .We find a displacement of the contrast maximum over an angle of 0.5 o , i.e. one linewidth of the inteferometric peak structure. We estimate that much smaller changes, i.e. below 10 -4 , will be measurable using sensitive differential techniques on the slope of the peak. This corresponds well to sensitivities reported for porous silicon, in principle allowing for sensing of molecules in the ppm range.
[6]
In-plane birefringence of nanowires on a (100) GaP substrate
To demonstrate the versatility of the bottom-up fabrication of nanowire photonic materials, we controlled the direction of the birefringence using the special crystallographic growth directions of semiconductor nanowires. Conclusive evidence of this preferential nanowire orientation is given by the optical birefringence experiment presented in Fig. 7 and explained in Section 4. Here the transmission of a normally incident wave on the sample is measured while rotating the nanowire sample azimuthally, i.e., around the normal of the sample surface. We observe a typical fourfold pattern that is indicative of in-plane birefringence as can be understood using simple arguments. o and 45 o azimuthal angle the nanowires are aligned respectively parallel and perpendicular to the incident polarization vector, therefore no retardation takes place. This results in a zero of the ratio I ⊥ / I || . At 0 o and 90 o azimuthal angle, the fast optical axis of the nanowires is at 45 o with the input polarization, giving rise to retardation and hence to a maximum in the ratio I ⊥ / I || . The amount of retardation is relatively small for thin wires (sample C) but increases strongly with increasing nanowire filling fraction (sample F). For sample F a maximum ratio I ⊥ / I || larger than unity is obtained, indicating that we have fabricated an in-plane quarter-wavelength retarder using semiconductor nanowires (c.f. Section 4). Table 1 . The error in the obtained birefringence values is mainly determined by an uncertainty in the layer thickness resulting from the various growth directions of nanowires on (100) GaP, as observed in Fig.  2(a,b) .
From the maximum ratio of I ⊥ /I || =1.5 for the (100) GaP nanowire material F in Fig. 7 , we calculate a retardation over λ/4, hence the nanowires act as a quarter waveplate retarder at an optical wavelength of 690 nm. Between the materials C-F before and after additional lateral growth, we find a variation over 2 orders of magnitude in the birefringence value Δn. The lateral growth step results in a significant increase of the nanowire volume fraction by more than a factor of five. From effective medium theories such as Maxwell-Garnett [18] or Bruggeman, [6] we may expect a concomitant increase of the optical anisotropy in the low-volume fraction regime. For the thin-wire samples C and D, there is still an additional reduction of birefringence by almost an order of magnitude that is not accounted for by effective medium models. We expect that this reduction is due to orientational disorder in the layer which is more pronounced for thin wires due to their abovementioned flexibility. [18] Note that in these calculations we did not include effects from scattering, since to first order these are not expected to affect the polarization properties of the coherent beam. In the analysis, the specific Y-shaped morphology of the nanowires on (100) GaP is not taken into account since we only consider light incident perpendicular to the surface. For the optical response at oblique angles of incidence, a more detailed analysis, including the full, threedimensional nanowire orientations, will be required, which goes beyond the current investigation.
Conclusions
In conclusion we have demonstrated that bottom-up fabrication of epitaxially-grown, semiconductor nanowires using MOVPE yields highly anisotropic photonic metamaterials. We have demonstrated control over both the morphology and the alignment of the nanowire metamaterials using a combination of VLS-and lateral growth and by growing on substrates with different crystallographic orientations. Using white light transmission measurements, we have observed a strongly wavelengthdependent optical extinction, following Rayleigh scattering at long wavelengths and for small nanowire diameters. For nanowire diameters above 50 nm a transition is found to the non-Rayleigh scattering regime. Although the short scattering mean free paths may pose limitations for application as optical elements, it may also be advantageous for trapping light inside structures such as solar cells and photodetectors. The exploration presented here may therefore be relevant for future designs and concepts in those areas.
In the polarization interferometry experiment, vertically aligned nanowire layers show very sharp features with a high dynamic range both in angular-dependent transmission and in reflection. In the latter configuration the effect of birefringence is twice as large due to the double passage through the layer. However, this configuration also suffers more strongly from spurious reflections and thin-film Fabry-Pérot fringes. The very high dynamic range of 10 6 combined with high angular resolution make polarization interferometry an ideal tool for optical sensing. The sharp features obtained for long and thin nanowire samples are highly promising and at least comparable to the porous silicon materials used in earlier work. [5, 6, 13] The fact that GaP phosphide has a relatively high-energy bandgap therefore allows a significant extension into the visible spectrum. The MOVPE method allows us to reproduce these nanowire layers in a controlled way, yielding constant optical birefringe values within the experimental error of 10% between runs.
Although we focused our investigation on gallium phosphide nanowires, nanowire metamaterials can be grown using any group III-V, II-VI, or IV semiconductor on any crystalline surface, offering the possibility of visible, near-and mid-infrared birefringence. Advantages of the bottom-up fabrication of the photonic nanowire birefringent materials are the high degree of control over local growth, the possibility of large area growth without the need of complex nanofabrication techniques, and the compatibility of the growth with silicon technology.
Experimental
MOVPE fabrication of nanowire layers:
A gallium phosphide (GaP) substrate was used with both sides mechanically and chemically polished to optical quality. A 500-nm SiO 2 was deposited on the back surface using plasma deposition to prevent rough etching of this side. The substrate was etched in HNO 3 :HCl:H 2 O (2:3:3) at 80 °C for 2 min. Immediately after this step, a gold film with a thickness of 3 Å was deposited on the front surface, which was either a P-terminated (111)B or a (100) interface. Subsequently the samples were transferred to a low-pressure (50 mbar) MOVPE system (Aixtron 200). Epitaxially oriented nanowires were grown in the VLS growth mode at an elevated temperature of 420 °C using trimethylgallium (TMG) and phosphine (PH 3 ) with molar fractions of χ TMG = 9.1 ×10 -5 and χ PH3 = 15.0×10 -3 respectively, as precursors in a total flow of 6.0 l/min using hydrogen (H 2 ) as carrier gas. Radial growth on the nanowire sidewalls was carried by switching off TMG during a temperature ramp to 630 °C after which the TMG flow was reintroduced into the reactor. After growth, the samples were cooled down in a PH 3 containing atmosphere.
Characterization: SEM images were made using a Nova NanoSEM 600 microscope by FEI Company. TEM, HRTEM, and EDS studies were performed using a Tecnai F30ST microscope at 300 kV. Individual nanowires were obtained from the layer by wiping of the sample over a copper grid. Statistical analysis of SEM images was done using ImagePro software. The diameter distribution of nucleation sites was obtained from contrast-analysis of the SEM image, yielding the area per nucleation site. Effective diameters were obtained from these areas using a cylindrical approximation, while the error was estimated from the uncertainty in the contrast threshold. The distribution of nanowire diameters was obtained by measuring, by hand, the diameters of 100 individual nanowires in the SEM images using the ImagePro software.
Optical characterization: Optical transmission spectra were measured using a Yokogawa AQ4303 fiber-coupled white light source. The fiber output was collimated using an achromatic objective and impinged perpendicular to the nanowire layer. Broadband polarization filters were used to select the incident and detected polarization states. The spectrum of transmitted light was measured using an Ocean Optics USB2000 spectrometer. A dynamic range of 10 4 was obtained by combining two spectra with acquisition times of 0.1 and 2s. All transmission spectra were normalized to the spectrum of the white-light incident beam.
Angle-dependent polarization interferometry: The experimental scheme followed the general procedure presented in Refs. 4-6 and consisted of an angle-dependent reflection and transmission setup with a resolution of 0.1° and polarization sensitivity of 1:10 5 . A 632.8 nm He:Ne laser and a 690 nm diode laser were used for the experiments. The polarization of the input beam was set to 45° with respect to the plane of incidence. The rotation of the polarization vector after propagation through the nanowire layer was measured via the parallel-(I || .) and cross-polarized (I ⊥ ) intensities (relative to the input polarization). The angle of incidence of the light was varied between 0 and 90 o . The rotation of the polarization vector due to retardation inside the nanowire layer is measured via the polarization ratio I ⊥ / I || . A pole in this ratio indicates a complete conversion of the original polarization state to a linear polarized orthogonal state, i.e. a retardation of λ/2. Retardation of λ/4 results in circular polarized output light, hence an equal contribution of the original and orthogonal state, which is measured as an I ⊥ /I || ratio of 1. For the (100) GaP materials, the polarization ratio was measured as a function of the azimuthal orientation of the nanowire layer. 
